Individuals infected with HIV-1 require lifelong antiretroviral therapy, because interruption of treatment leads to rapid rebound viraemia. Here we report on a phase 1b clinical trial in which a combination of 3BNC117 and 10-1074, two potent monoclonal anti-HIV-1 broadly neutralizing antibodies that target independent sites on the HIV-1 envelope spike, was administered during analytical treatment interruption. Participants received three infusions of 30 mg kg −1 of each antibody at 0, 3 and 6 weeks. Infusions of the two antibodies were generally well-tolerated. The nine enrolled individuals with antibody-sensitive latent viral reservoirs maintained suppression for between 15 and more than 30 weeks (median of 21 weeks), and none developed viruses that were resistant to both antibodies. We conclude that the combination of the anti-HIV-1 monoclonal antibodies 3BNC117 and 10-1074 can maintain long-term suppression in the absence of antiretroviral therapy in individuals with antibody-sensitive viral reservoirs.
During infection, HIV-1 is reverse transcribed and integrated as a provirus into the host genome. Although the vast majority of infected cells die by apoptosis or pyroptosis 1 , a small percentage survive and harbour transcriptionally silent, integrated proviruses that comprise a reservoir that can be reactivated. Once established, the latent reservoir has an estimated half-life of 44 months, resulting in the lifelong requirement for antiretroviral therapy (ART) 2 . Passive administration of potent broadly neutralizing monoclonal anti-HIV-1 antibodies (bNAbs) represents a potential alternative to antiretroviral drugs because, in addition to neutralizing the virus, antibodies engage the host immune system and have long half-lives [3] [4] [5] .
In human clinical trials, viraemic individuals who received 3BNC117 or VRC01, two related bNAbs that target the CD4 binding site on the HIV-1 envelope spike, or 10-1074, a bNAb that targets the base of the V3 loop and surrounding glycans, showed significant reductions in viremia [6] [7] [8] . Moreover, in HIV-1-infected individuals undergoing analytical treatment interruption (ATI) of antiretroviral therapy, four infusions of 3BNC117 maintained virus suppression for a median of 10 weeks compared to 2.3 weeks in historical controls 9, 10 . By contrast, six infusions of VRC01 maintained suppression for 5.6 weeks 11 . The difference in activity between VRC01 and 3BNC117 in preclinical experiments 12, 13 and clinical trials 6, 7, 9, 11 is consistent with the lower relative neutralization potency of VRC01.
Across all bNAb clinical trials to date, and similar to monotherapy with antiretroviral drugs, treatment with any single bNAb was associated with the emergence of antibody-resistant viral variants [6] [7] [8] [9] 11 . Like antiretroviral drugs, combinations of bNAbs are more effective than individual antibodies in HIV-1 infected humanized mice and simian/human immunodeficiency virus (SHIV)-infected macaques [14] [15] [16] . By contrast, antibody combinations showed little if any efficacy in suppressing viraemia during ATI in humans 17, 18 . However, these earlier studies were performed using bNAbs that were less potent than 3BNC117 and 10-1074. Here we investigate whether the bNAb combination of 3BNC117 and 10-1074 can maintain viral suppression during ATI in HIV-1-infected humans.
Combination bNAb infusion is well-tolerated
To evaluate the effects of the combination of 3BNC117 and 10-1074 on maintaining HIV-1 suppression during ATI, we conducted a phase 1b clinical trial (Fig. 1a ). HIV-1-infected individuals on ART were pre-screened for 3BNC117 and 10-1074 sensitivity of bulk outgrowth culture-derived viruses in an in vitro neutralization assay using TZM-bl cells 19 . Consistent with previous results, 64% and 71% of the outgrowth viruses were sensitive to 3BNC117 and 10-1074, respectively, and 48% were sensitive to both 8, 9, 20 (half-maximum inhibitory concentration (IC 50 ) ≤ 2 μg ml −1 ; Extended Data Fig. 1a and Supplementary Table 1 ).
Study eligibility criteria included ongoing ART for at least 24 months with plasma HIV-1 RNA levels of <50 copies per ml for at least 18 months (one blip <500 copies per ml was allowed) and <20 copies per ml at screening, as well as CD4 + T cell counts >500 cells per μl (Extended Data Figs. 1b, 2a ). Enrolled participants received three infusions of 30 mg kg −1 of 3BNC117 and 10-1074 each at Article reSeArcH three-week intervals beginning two days before treatment interruption ( Fig. 1a ). Individuals whose regimens contained non-nucleoside reverse transcriptase inhibitors were switched to an integrase inhibitorbased regimen four weeks before discontinuing ART (Extended Data Figs. 1b, 2a ). Viral load and CD4 + T cell counts were monitored every 1-2 weeks (Supplementary Table 2 ). ART was reinitiated and antibody infusions were discontinued if viraemia of >200 copies per ml was confirmed. Time of viral rebound was defined as the first of two consecutive viral loads of >200 copies per ml. Fifteen individuals were enrolled, but four of them showed viral loads of >20 copies per ml two weeks before or at the time of the first bNAb infusion and they were excluded from efficacy analyses (Extended Data Fig. 1b and Supplementary Table 2 ).
Antibody infusions were generally safe and well-tolerated with no reported serious adverse events or antibody-related adverse events, except for mild fatigue in two participants (Supplementary Table 3 ). The mean CD4 + T cell count was 685 and 559 cells per μl at the time of first antibody infusion and at rebound, respectively (Extended Data Fig. 2b and Supplementary Table 2 ). Reinitiation of ART after viral rebound resulted in resuppression of viraemia (Supplementary Table 2 ). We conclude that combination therapy with 3BNC117 and 10-1074 is generally safe and well-tolerated.
The serum half-life of each antibody was measured independently by TZM-bl assay and anti-idiotype enzyme-linked immunosorbent assay (ELISA, Extended Data Fig. 2c, d and Supplementary Table 2 ). 3BNC117 had a half-life of 12.5 and 17.6 days as measured using TZM-bl and ELISA, respectively (Extended Data Fig. 2c, d) . The half-life of 10-1074 was 19.1 and 23.2 days as measured by TZM-bl and ELISA, respectively; significantly longer than 3BNC117 in both assays (P = 0.0002 and P = 0.02, Extended Data Fig. 2e, f) . These measurements are similar to those observed when each antibody was administered alone in ART-treated HIV-1-infected individuals 6, 8, 9 . We conclude that the pharmacokinetic profiles of 3BNC117 and 10-1074 are not altered when they are used in combination.
The combination of bNAbs maintains viral suppression
For the 11 individuals who had complete viral suppression (HIV-1 RNA <20 copies per ml) during the screening period and at day 0, combination antibody therapy was associated with maintenance of viral suppression for between 5 and more than 30 weeks (Fig. 1b, c Table 2 ). The median time to rebound was 21 weeks compared to 2.3 weeks for historical controls who participated in previous non-interventional ATI studies 10 and 6-10 weeks for monotherapy with 3BNC117 9 (Fig. 1c ). Together, 9 of the 11 participants maintained viral RNA <20 copies per ml two weeks before and at the start of ATI (n = 11, left), for the participants sensitive to both antibodies (n = 9, centre), and for the participants that showed pre-existing resistance to one of the antibodies (n = 2, right). The y axis shows the percentage of participants that maintain viral suppression. The x axis shows the time in weeks after start of ATI. Participants receiving the combination of 3BNC117 and 10-1074 are indicated by the blue line. Dotted red lines indicate a cohort of individuals receiving 3BNC117 alone during ATI 9 (n = 13) and dotted black lines indicate a cohort of participants who underwent ATI without intervention 10 (n = 52).
and Supplementary
suppression for at least 15 weeks, although two rebounded at weeks 5 and 7 (Fig. 1b, c ). Quantitative and qualitative viral outgrowth assays (Q 2 VOA) were used to retrospectively analyse the replication-competent latent viral reservoir in all individuals. Phylogenetic analysis showed that the trial participants were infected with epidemiologically distinct clade B viruses (Extended Data Fig. 3 ). Q 2 VOA analysis revealed that the pre-infusion latent reservoir in the two individuals who rebounded early, 9245 and 9251, harboured 10-1074-or 3BNC117-resistant viruses, respectively ( Fig. 2 and Supplementary Table 4 ). Therefore, these two individuals were effectively subjected to antibody monotherapy, because there was pre-existing resistance in the reservoir of these individuals to one of the two bNAbs. Consistent with this idea, the delay in rebound in these two participants was within the anticipated range of antibody monotherapy 9, 11 (Fig. 1c ). In addition, all four of the individuals excluded from the analysis due to incomplete viral suppression showed pre-existing resistance or viruses that were not fully neutralized by one or both of the antibodies and these individuals rebounded before week 12 (Extended Data Figs. 4, 5 and Supplementary Table 4 ).
To examine the viruses that arose in the early rebounding individuals, we performed single genome analysis (SGA) of plasma viruses obtained at the time of rebound. In addition to the pre-existing sequences associated with resistance in the 10-1074 target site (N332T and S334N, Fig. 2a ), rebound viruses in 9245 also carried an extended V5 loop and potential N-linked glycosylation sites that could interfere with 3BNC117 binding (Extended Data Fig. 6 ). Conversely, genetic features associated with resistance to 3BNC117 were found in the pre-infusion reservoir of 9251 and were accompanied by mutations in the 10-1074 target site in the rebounding viruses (S334N, Fig. 2a and Extended Data Fig. 6 ). For both individuals, resistance of rebound viruses to both antibodies was confirmed by the TZM-bl neutralization assay (Fig. 2b, c and Supplementary Table 4 ). Thus, bulk outgrowth cultures used for screening failed to detect pre-existing resistance in the reservoir of 2 of the 11 studied individuals. This result is not surprising given that bulk cultures are dominated by a limited number of rapidly growing viral species that may not be representative of the diversity of the latent reservoir.
The median time to rebound in the seven individuals that had no detectable resistant viruses in the pre-infusion latent reservoir, and rebounded during the study period, was also 21 weeks and different from the 6-10 weeks found for monotherapy with 3BNC117 9 (Fig. 1c ). In these participants, viral suppression was maintained for 15-26 weeks after ART discontinuation (Supplementary Table 2 ). The two remaining participants (9254 and 9255) completed study follow-up at 30 weeks without experiencing rebound ( Supplementary Table 2 ). Notably, viral rebound never occurred when the concentration of both administered antibodies was above 10 μg ml −1 . The average serum concentration of 3BNC117 (determined by TZM-bl assay) at the time of rebound in sensitive individuals that rebounded during study follow-up was 1.9 μg ml −1 ( Fig. 1b and Supplementary Table 2 ). By contrast, the average serum concentration of 10-1074 at rebound was 14.8 μg ml −1 ( Fig. 1b and Supplementary Table 2 ). The difference in the antibody concentrations at the time of rebound is consistent with the longer half-life of 10-1074, which resulted in a period of 10-1074 monotherapy ( Table 2 ). Finally, these nine individuals showed little or no pre-existing neutralizing antibodies against a diagnostic panel of viruses before bNAb infusion (Supplementary Table 5 ). Week 
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Rebound and latent viruses
To examine the relationship between rebound viruses and the circulating latent reservoir, we compared env sequences obtained from plasma rebound viruses by SGA with sequences obtained by Q 2 VOA from both pre-infusion and week 12 samples. In addition, we measured the sensitivity of rebound outgrowth viruses and/or pseudoviruses to 3BNC117 and 10-1074 using the TZM-bl neutralization assay ( Fig. 2b , c, 3, Extended Data Fig. 7 and Supplementary Table 4 ). A total of 154 viral env sequences obtained by plasma SGA were analysed and compared to 408 sequences obtained from the latent reservoir by Q 2 VOA. Although rebound and reservoir viruses clustered together for each individual (Extended Data Fig. 3 ), we found no identical sequences between the two compartments in any of the individuals studied (Figs. 3, 4a and Extended Data Fig. 7) . The difference could be accounted for by distinct requirements for HIV-1 reactivation in vitro and in vivo, compartmentalization of reservoir viruses, HIV-1 mutation during the course of the trial and/or by viral recombination in some individuals 20, 21 (Extended Data Fig. 8 ). Whether or not bNAb therapy influences selection for recombination events remains to be determined.
Similar to 3BNC117 monotherapy, the vast majority of rebounding viruses clustered within low-diversity lineages consistent with expansion of 1-2 recrudescent viruses 9 (Fig. 3 , Extended Data Figs. 7, 9) . By contrast, rebound viruses are consistently polyclonal during ATI in the absence of antibody therapy 22, 23 . Thus, the antibodies restrict the outgrowth of latent viruses in vivo.
The emerging viruses in 6 of the 7 individuals who rebounded when the mean 3BNC117 and 10-1074 serum concentrations were 1.9 and 14.8 μg ml −1 , respectively, carried resistance-associated mutations in the 10-1074 target site ( Figs. 1b, 2a ). Consistent with the sequence data, these rebound viruses were generally resistant to 10-1074, as shown by the TZM-bl neutralization assay, but remained sensitive to 3BNC117 (Fig. 2b, c and Supplementary Table 4 ). The level of sensitivity to 3BNC117 in these emerging viruses was similar to that found in the reservoir viruses in each of the individuals ( Fig. 2b and Supplementary  Table 4 ). One individual, 9244, showed rebound viruses that remained sensitive to both antibodies in TZM-bl neutralization assays. Rebound occurred when 3BNC117 and 10-1074 concentrations in serum of this individual were undetectable and 11.6 μg ml −1 , respectively ( Fig. 1b and Supplementary Table 2 ). The sensitivity of the plasma rebound viruses was similar to that of latent pre-infusion and week 12 viruses obtained in viral outgrowth cultures (Fig. 2b, c and Supplementary  Table 4 ). Therefore, this individual did not develop resistance to either of the antibodies despite prolonged exposure to both. In conclusion, none of the nine individuals with pre-infusion reservoirs containing viruses that were sensitive to both antibodies developed double resistance during the observation period.
The latent reservoir
To determine whether there were changes in the circulating reservoir during the observation period, we compared the results of Q 2 VOA assays performed at entry and 12 weeks after the start of ATI for 8 of the 9 individuals that remained suppressed for at least 12 weeks ( Fig. 4 and Extended Data Fig. 10 ). Similar to previous reports, 63% of all viruses obtained by Q 2 VOA belonged to expanded clones 20, [24] [25] [26] (Extended Data Fig. 10a, b ). Comparison of the env sequences of the viruses that emerged in outgrowth cultures revealed that 60% of the sequences could be found at both time points. However, there were numerous examples of clones that appeared or disappeared between Table 4 ). nt, nucleotide.
the time points and some of the changes were significant (Extended Data Fig. 10a ). To determine the number of infectious units per million (IUPM, http://silicianolab.johnshopkins.edu/), 6.0 × 10 7 -6.2 × 10 8 CD4 + T cells were assayed by Q 2 VOA for each time point for each individual (Fig. 4b) . The difference between the two time points was never greater than 6.5-fold for any individual, and the IUPM values at the two time points were not statistically different (P = 0.078). Moreover, time to rebound was not directly correlated with IUPM (Extended Data Fig. 10c ). Additional time points would be required to calculate the half-life of the reservoir in individuals who received immunotherapy 27 .
Discussion
First-generation anti-HIV-1 bNAbs were generally ineffective in suppressing viraemia in animal models and humans leading to the conclusion that this approach should not be pursued 17, 18, 28 . The advent of new methods for anti-HIV-1 antibody cloning 29 and subsequent discovery of a new, more potent generation of bNAbs revitalized this area of research 30, 31 . bNAb monotherapy with 3BNC117 or VRC01 is not enough to maintain control during ATI in HIV-1-infected humans 9, 11 . Similar results were obtained in participant 9251 who effectively received 10-1074 monotherapy due to pre-existing resistance to 3BNC117. By contrast the combination of 3BNC117 and 10-1074 is sufficient to maintain viral suppression in sensitive individuals when the concentration of both antibodies remains above of 10 μg ml −1 in serum. Rebound occurred when 3BNC117 levels dropped below 10 μg ml −1 effectively leading to 10-1074 monotherapy, from which viruses in nearly all individuals rapidly escaped by mutations in the 10-1074 contact site. The observation that nine individuals infected with distinct viruses were unable to develop viruses who were resistant to both antibodies over a median period of 21 weeks suggests that viral replication was severely limited by this combination of antibodies.
In human studies, monotherapy with 3BNC117 is associated with enhanced humoral immunity and accelerated clearance of HIV-1infected cells 5, 32 . In addition, when administered early to macaques infected with the chimeric simian/human immunodeficiency virus SHIV AD8 , combined 3BNC117 and 10-1074 immunotherapy induced host CD8 + T cell responses that contributed to the control of viraemia in nearly 50% of the animals 3 . However, virus-specific CD8 + T cells that were responsible for control of viraemia in these macaques were not detected in the circulation, and their contribution to viral suppression was only documented after CD8 + T cell depletion 3 . In most macaques that maintained viral control, complete viral suppression was only established after rebound viraemia that followed antibody clearance 3 .
Two individuals in this study remained suppressed for over 30 weeks after ATI, 9254 and 9255. Neither participant had detectable levels of ART in the blood or carried the B*27 and B*57 HLA alleles that are most frequently associated with elite control 33 . The first, 9254, reports starting ART within 4-5 months after probable exposure to the virus with an initial viral load of 860,000 copies per ml. Despite relatively early therapy, and excellent virological control for 21 years on therapy, this individual had an IUPM of 0.68 by Q 2 VOA at the 12-week time point (Extended Data Fig. 10b ). The second individual, 9255, showed several viral blips that were spontaneously controlled beginning 15 weeks after ATI when antibody levels were waning. This individual was infected for at least 7 months before starting ART with an initial viral load of 85,800 copies per ml and had an IUPM of 1.4 at the 12-week time point. A small fraction of individuals on ART 10 show spontaneous prolonged virologic control after ART is discontinued, and this number appears to increase when ART treatment is initiated during the acute phase of infection [34] [35] [36] [37] [38] . Whether antibody-enhanced CD8 + T cell responses contribute to the prolonged control in the two out of nine individuals who received combination immunotherapy and whether this effect can be enhanced by latency reactivating agents or immune checkpoint inhibitors remains to be determined.
A substantial fraction of the circulating latent reservoir is composed of expanded clones of infected T cells 24, 26, [39] [40] [41] [42] . These T cell clones appear to be dynamic in that the specific contribution of individual clones of circulating latently infected CD4 + T cells to the reservoir of individuals receiving ART fluctuates over time 24, 25 . Individuals that maintain viral suppression by antibody therapy appear to show similar fluctuations in reservoir clones that do not appear to be associated with antibody sensitivity. Whether the apparent differences observed in the reservoir during immunotherapy lead to changes in the reservoir half-life cannot be determined from the available data and will require reservoir assessments in additional individuals at multiple time points over an extended observation period.
Individuals harbouring viruses sensitive to 3BNC117 and 10-1074 maintained viral suppression during ATI for a median of almost four months after the final antibody administration. However, HIV-1 is a highly diverse virus with varying levels of sensitivity to specific bNAbs. As a result, maintenance therapy with just the combination of 3BNC117 and 10-1074 would only be possible for the approximately 50% of clade B-infected individuals that are sensitive to both antibodies. This problem may be overcome by addition of or substitution with other antibodies 14, 15, 43 , or long-acting small-molecule antiretroviral drugs.
In macaques, the therapeutic efficacy of anti-HIV-1 antibodies is directly related to their half-life 4, 12, 13 , which can be extended by mutations that enhance Fc domain interactions with the neonatal Fc receptor 4, 13, 44 . These mutations also increase the half-life of antibodies in humans by 2-4-fold 45 . Our data suggest that a single administration of combinations of bNAbs with extended half-lives could maintain suppression for 6-12 months in individuals harbouring sensitive viruses. CD4 + T cells at weeks −2 and 12 as determined by Q 2 VOA. Participants with IUPMs that were higher and lower than 0.1 are shown at the top and bottom, respectively. Participant 9254 is not shown owing to lack of sample availability. The two time points were not statistically different (P = 0.078 (paired Student's t-test)).
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MEthodS
Study design.
An open-label phase 1b study was conducted in HIV-1-infected participants who were virologically suppressed on ART (http://www.clinicaltrials. gov; NCT02825797; EudraCT: 2016-002803-25). Study participants were enrolled sequentially according to eligibility criteria. Participants received 3BNC117 and 10-1074 intravenously at a dose of 30 mg kg −1 body weight of each antibody, at weeks 0, 3 and 6, unless viral rebound occurred. ART was discontinued 2 days after the first infusion of antibodies (day 2). Plasma HIV-1 viral RNA levels were monitored weekly and ART was resumed if the viral load increased to ≥200 copies per ml or CD4 + T cell counts decreased to <350 cells per μl in two consecutive measurements. Time to viral rebound was determined by the first of two consecutive viral loads of >200 copies per ml. Study participants were followed for 30 weeks after the first infusion. Safety data are reported until the end of study follow-up. All participants provided written informed consent before participation in the study and the study was conducted in accordance with Good Clinical Practice. The protocol was approved by the Federal Drug Administration in the USA, the Paul-Ehrlich-Institute in Germany, and the Institutional Review Boards (IRBs) at the Rockefeller University and the University of Cologne. Study participants. Study participants were recruited at the Rockefeller University Hospital, New York, USA, and the University Hospital Cologne, Cologne, Germany. Eligible participants were adults aged 18-65 years, HIV-1-infected, on ART for a minimum of 24 months, with plasma HIV-1 RNA levels of <50 copies per ml for at least 18 months (one viral blip of >50 but <500 copies per ml during this 18-month period was allowed), plasma HIV-1 RNA levels <20 copies per ml at the screening visit, and a current CD4 + T cell count >500 cells per μl. In addition, participants were prescreened for sensitivity of latent proviruses against 3BNC117 and 10-1074 by bulk PBMC viral outgrowth culture as described in 'Prescreening bulk PBMC cultures' . Sensitivity was defined as an IC 50 < 2 μg ml −1 for both 3BNC117 and 10-1074 against outgrowth virus. Participants on an ART regimen that included a non-nucleoside reverse transcriptase inhibitor (NNRTI) were switched to an integrase inhibitor-based regimen (dolutegravir plus tenofovir disoproxil fumarate and emtricitabine) four weeks before treatment interruption due to the prolonged half-life of NNRTIs. Exclusion criteria included reported CD4 + T cell nadir of <200 cells μl −1 , concomitant hepatitis B or C infection, previous receipt of monoclonal antibodies of any kind, clinically relevant physical findings, medical conditions or laboratory abnormalities, and pregnancy or lactation. Study procedures. 3BNC117 and 10-1074 were administered intravenously at a dose of 30 mg kg −1 . The appropriate stock volume of 3BNC117 and 10-1074 was calculated according to body weight and diluted in sterile normal saline to a total volume of 250 ml per antibody. Monoclonal antibody infusions were administered sequentially and intravenously over 60 min. Study participants were observed at the Rockefeller University Hospital or the University Hospital Cologne for 1 h after the last antibody infusion. Participants returned for weekly follow-up visits during the ATI period for safety assessments, which included physical examination and measurements of clinical laboratory parameters such as haematology, chemistries, urinalysis and pregnancy tests (for women). Plasma HIV-1 RNA levels were monitored weekly during the ATI period and CD4 + T cell counts were measured every 1-2 weeks. After ART was re-initiated, participants returned for follow-up every two weeks until viral re-suppression was achieved, and every eight weeks thereafter. Study investigators evaluated and graded adverse events according to the Division of AIDS (DAIDS) Table for Grading the Severity of Adult and Pediatric Adverse Events (version 2.0, November 2014) and determined causality. Leukapheresis was performed at the Rockefeller University Hospital or at the University Hospital Cologne at week -2 and week 12. Blood samples were collected before and at multiple times after 3BNC117 and 10-1074 infusions. Samples were processed within 4 h of collection, and serum and plasma samples were stored at −80 °C. PBMCs were isolated by density gradient centrifugation. The absolute number of PBMCs was determined using an automated cell counter (Vi-Cell XR; Beckman Coulter) or manually, and cells were cryopreserved in fetal bovine serum plus 10% DMSO. Plasma HIV-1 RNA Levels. HIV-1 RNA levels in plasma were measured at the time of screening, at week -2, day 0 (before infusion), weekly during ATI, and every two weeks to every eight weeks after viral rebound had occurred. HIV-1 RNA levels were determined using the Roche COBAS AmpliPrep/COBAS TaqMan HIV-1 Assay (version 2.0) or the Roche COBAS HIV-1 quantitative nucleic acid test (COBAS 6800), which quantify HIV-1 RNA over a range of 2 × 10 1 to 1 × 10 7 copies per ml. These assays were performed at LabCorp or at the University Hospital Cologne. CD4 + T cells. CD4 + T cell counts were determined by clinical flow cytometry assay, performed at LabCorp or at the University Hospital Cologne, at screening, week 0 (before infusion), weeks 2, 3, 5, 6, 8, 10, and weekly thereafter, while participants remained off ART. Determination of baseline neutralizing antibody activity. Purified IgG (Protein G Sepharose 4 Fast Flow, GE Life Sciences) obtained before antibody infusions was tested against a panel of 12 HIV-1 pseudoviruses as described previously 5 .
Measurement of 3BNC117 and 10-1074 serum levels. Blood samples were collected before, at the end of each 3BNC117 infusion and at the end of each 10-1074 infusion at weeks 0, 3 and 6, and weekly during the ATI period, up to week 30. Serum levels of 3BNC117 and 10-1074 were determined by a TZM-bl assay and by ELISA from samples obtained before and after each antibody infusion, and approximately every three weeks during follow-up as well as at the time of viral rebound.
Serum concentrations of 3BNC117 and 10-1074 were measured by a validated sandwich ELISA. High-bind polystyrene plates were coated with 4 μg ml −1 of an anti-idiotypic antibody that specifically recognizes 3BNC117 (anti-ID 1F1-2E3 monoclonal antibody) or 2 μg ml −1 of an anti-idiotypic antibody that specifically recognizes 10-1074 (anti-ID 3A1-4E11 monoclonal antibody), and incubated overnight at 2-8 °C. After washing, plates were blocked with 5% Milk Blotto (w/v), 5% NGS (v/v) and 0.05% Tween 20 (v/v) in PBS. Serum samples, quality controls and standards were added (1:50 minimum dilution in 5% Milk Blotto (w/v), 5% NGS (v/v) and 0.05% Tween 20 (v/v) in PBS) and incubated at room temperature. 3BNC117 or 10-1074 were detected using a horseradish peroxidase (HRP)conjugated mouse anti-human IgG kappa-chain-specific antibody (Abcam) for 3BNC117 or an HRP-conjugated goat anti-human IgG Fc-specific antibody for 10-1074 (Jackson ImmunoResearch) and the HRP substrate tetra-methylbenzidine. 3BNC117 and 10-1074 concentrations were then calculated from the standard curves of 3BNC117 or 10-1074 that were run on the same plate using a 5-PL curve-fitting algorithm (Softmax Pro, v.5.4.5). Standard curves and positive controls were created from the drug product lots of 3BNC117 and 10-1074 used in the clinical study. The capture anti-idiotypic monoclonal antibodies were produced using a stable hybridoma cell line (Duke Protein Production Facility 6 ). The lower limit of quantification for the 3BNC117 ELISA is 0.78 μg ml −1 and for the 10-1074 ELISA is 0.41 μg ml −1 . The lower limit of detection was determined to be 0.51 μg ml −1 and 0.14 μg ml −1 in HIV-1 seropositive serum for the 3BNC117 and 10-1074 ELISA, respectively. For values that were detectable (that is, positive for the monoclonal antibodies) but were below the lower limit of quantification, values are reported as <0.78 μg ml −1 and <0.41 μg ml −1 for 3BNC117 and 10-1074 ELISA, respectively. If day 0 baseline samples had measurable levels of antibody by the respective assays, the background measured antibody level was subtracted from subsequent results. In addition, samples with antibody levels measured to be within threefold from background were excluded from the analysis of pharmacokinetic parameters.
Serum concentrations of active 3BNC117 and 10-1074 were also measured using a validated luciferase-based neutralization assay in TZM-bl cells as previously described 19 . In brief, serum samples were tested using a primary 1:20 dilution with a fivefold titration series against HIV-1 Env pseudoviruses Q769.d22 and X2088_c9, which are highly sensitive to neutralization by 3BNC117 and 10-1074, respectively, while fully resistant against the other administered antibody. In the case of the post-infusion time points of 10-1074, instances for which the serum 50% inhibitory dilution (ID 50 ) titres against X2088_c9 were >100,000, serum samples were also tested against a less sensitive strain, Du422 (Supplementary Table 2 ). To generate standard curves, clinical drug products of 3BNC117 and 10-1074 were included in every assay set-up using a primary concentration of 10 μg ml −1 with a fivefold titration series. Serum concentrations of 3BNC117 and 10-1074 for each sample were calculated as follows: serum ID 50 titre (dilution) × 3BNC117 IC 50 or 10-1074 IC 50 titre (μg ml −1 ) = serum concentration of 3BNC117 or 10-1074 (μg ml −1 ). Env pseudoviruses were produced using an ART-resistant backbone vector that reduces background inhibitory activity of antiretroviral drugs if present in the serum sample (SG3ΔEnv/K101P.Q148H.Y181C; M.S.S., unpublished data). Virus that was pseudotyped with the envelope protein of murine leukaemia virus (MuLV) was used as a negative control. Antibody concentrations were calculated using the serum ID 80 titre and monoclonal antibody IC 80 if non-specific activity against MuLV was detected (ID 50 > 20; 9246, week 30; 9248, baseline, day 0, week 18). All assays were performed in a laboratory that meets Good Clinical Laboratory Practice standards. Prescreening bulk PBMC cultures. To test HIV-1 viral strains for sensitivity to 3BNC117 and 10-1074, we performed bulk viral outgrowth cultures by coculturing isolated CD4 + T cells with the MOLT-4/CCR-5 cell line (NIH AIDS Reagent Program, Ca. No. 4984) or CD8 + T cell-depleted healthy donor lymphoblasts. PBMCs for prescreening were obtained up to 72 weeks (range 54-505 days) before enrollment under separate protocols approved by the IRBs of the Rockefeller University and the University of Cologne. Sensitivity was determined by TZM-bl neutralization assay as described below. Culture supernatants with IC 50 < 2 μg ml −1 were deemed sensitive. Quantitative and qualitative viral outgrowth assay. The Q 2 VOA was performed using isolated PBMCs from leukapheresis at week -2 and week 12 as previously described 24 . In brief, isolated CD4 + T cells were activated with 1 μg ml −1 phytohaemagglutinin (PHA; Life Technologies) and 100 U ml −1 IL-2 (Peprotech) and cocultured with 1 × 10 6 irradiated PBMCs from a healthy donor in 24-well plates.
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A total of 6 × 10 7 -6.2 × 10 8 cells were assayed for each individual at each of the two time points. After 24 h, PHA was removed and 0.1 × 10 6 MOLT-4/CCR5 cells were added to each well. Cultures were maintained for two weeks, splitting the MOLT-4/ CCR5 cells in half seven days after the initiation of the culture and every other day after that. Positive wells were detected by measuring p24 by ELISA. The frequency of latently infected cells was calculated through the IUPM algorithm developed by the Siliciano laboratory (http://silicianolab.johnshopkins.edu). Rebound outgrowth cultures. CD4 + T cells isolated from PBMCs from the rebound time points were cultured at limiting dilution exactly as described for Q 2 VOA. CD4 + T cells were activated with T cell activation beads (Miltenyi) at a concentration of 0.5 × 10 6 beads per 10 6 CD4 + T cells and 20 U ml −1 of IL-2. Rebound outgrowth cultures were performed using PBMCs from the highest viral load sample (usually the repeat measurement ≥200 copies per ml). Viruses for which the sequences matched the SGA env sequences, and therefore were identical to those present in plasma, as opposed to potentially reactivated PBMC-derived latent reservoir viruses, were selected to test for neutralization. Viral sensitivity testing. Supernatants from p24-positive bulk PBMC cultures, rebound PBMC outgrowth cultures and Q 2 VOA wells were tested for sensitivity to 3BNC117 and 10-1074 by TZM-bl neutralization assay as previously described 19 . Sequencing. HIV-1 RNA extraction and single-genome amplification was performed as previously described 46 . In brief, HIV-1 RNA was extracted from plasma samples or Q 2 VOA-derived virus supernatants using the MinElute Virus Spin kit (Qiagen) followed by first-strand cDNA synthesis using SuperScript III reverse transcriptase (Invitrogen). cDNA synthesis for plasma-derived HIV-1 RNA was performed using the antisense primer envB3out 5′-TTGCTACTTGTGATTGCTCCATGT-3′. gp160 was amplified using envB5out 5′-TAGAGCCCTGGAAGCATCCAGGAAG-3′ and envB3out 5′-TTGCTACTTGTGATTGCTCCATGT-3′ in the first round and in the second round with nested primers envB5in 5′-CACCTTAGGCATCTCCTAT GGCAGGAAGAAG-3′ and envB3in 5′-GTCTCGAGATACTGCTCCCACCC-3′. PCRs were performed using High Fidelity Platinum Taq (Invitrogen) and run at 94 °C for 2 min; 35 cycles of 94 °C for 15 s, 55 °C for 30 s and 68 °C for 4 min; and 68 °C for 15 min. Second-round PCR was performed with 1 μl of the PCR product from the first round as template and High Fidelity Platinum Taq at 94 °C for 2 min; 45 cycles of 94 °C for 15 s, 55 °C for 30 s and 68 °C for 4 min; and 68 °C for 15 min. cDNA synthesis for Q 2 VOA-derived HIV-1 RNA was performed using the antisense primer R3B6R 5′-TGAAGCACTCAAGGCAAGCTTTATTGAGGC-3′. The env 3′ half-genome was amplified in a single PCR using B3F3 primer 5′-TGGAAAGGTGAAGGGGCAGTAGTAATAC-3′ and R3B6R primer 5′-TGAAGCACTCAAGGCAAGCTTTATTGAGGC-3′. PCR was performed using High Fidelity Platinum Taq and run at 94 °C for 2 min; 45 cycles of 94 °C for 15 s, 55 °C for 30 s and 68 °C for 5 min; and 68 °C for 15 min. Pseudovirus generation. Selected single genome sequences from outgrowth culture supernatants and plasma were used to generate pseudoviruses that were tested for sensitivity to bNAbs in a TZM-bl neutralization assay. To produce the pseudoviruses, plasmid DNA containing the cytomegalovirus (CMV) promoter was amplified by PCR using forward primer 5′-AGTAATCAATTACGGGGTCATTAGTTCAT-3′ and reverse primer 5′-CATAGGAGATGCCTAAGCCGGTGGAGCTCTGCTTATATAGACCTC-3′. Individual env amplicons were amplified using forward primer 5′-CACC GGCTTAGGCATCTCCTATGGCAGGAAGAA-3′ and reverse primer 5′-GTCTCGAGATACTGCTCCCACCC-3′. The CMV promoter amplicon was fused to individual purified env amplicons by PCR using forward primer 5′-AGTAATCAATTACGGGGTCATTAGTTCAT-3′ and reverse primer 5′-ACTTTTTGACCACTTGCCACCCAT-3′. Overlapping PCR was carried out using the High Fidelity Platinum Taq (Invitrogen) in a 50-μl reaction consisting of 1 ng purified CMV promoter amplicon, 0.125 μl purified env SGA amplicon, 400 nM each forward and reverse primers, 200 μM dNTP mix, 1× Buffer HiFi and 1 μl DNA polymerase mix. PCR was run at 94 °C for 2 min; 25 cycles of 94 °C for 12 s, 55 °C for 30 s and 68 °C for 4 min; and 72 °C for 10 min. Resulting amplicons were analysed by gel electrophoresis, purified by gel extraction, and cotransfected with pSG3∆env into HEK293T cells to produce pseudoviruses as described previously 47 . Sequence and phylogenetic analysis. Nucleotide alignments of intact env sequences were translation-aligned using ClustalW v.2.1 48 under the BLOSUM cost matrix. Sequences with premature stop codons and frameshift mutations that fell in the gp120 surface glycoprotein region were excluded from all analyses. Maximum likelihood phylogenetic trees were then generated from these alignments with PhyML v.3.1 49 using the GTR model with 1,000 bootstraps. For the combined analysis of sequences from all participants, env sequences were aligned using MAFFT v.7.309 and clustered using RAxML v.8.2.9 50 under the GTRGAMMA model with 1,000 bootstraps. To analyse changes between reservoir and rebound viruses, env sequences were aligned at the amino acid level to a HXB2 reference using ClustalW v.2.1. Statistical analyses. For sample size considerations, one-sided Clopper-Pearson confidence intervals were calculated for varying number of observed rebounds. A sample size of 15 HIV-1 infected individuals was determined to allow for the rejection of the null hypothesis (rate = 0.85) with 80% power for an effect size equal to or higher than 0.33, if at least 6 out of 15 enrolled participants did not experience viral rebound by week 8 (2 weeks after the last antibody infusions). Pharmacokinetic parameters were estimated by performing a non-compartmental analysis using Phoenix WinNonlin Build 8 (Certara), using all available PK data starting with the time point after the last infusion of 10-1074 from either TZM-bl assay (using the X2088_c9 pseudovirus to determine 10-1074 levels) or ELISA, and compared by a two-tailed unpaired Student's t-test. CD4 + T cell counts on day 0 and at the time of viral rebound were compared by two-tailed paired Student's t-test. IUPMs determined at week -2 and week 12 were compared using a two-tailed paired Student's t-test. Time to rebound in current trial participants (combination therapy with 3BNC117 and 10-1074), participants receiving 3BNC117 monotherapy 9 and participants in previous non-interventional ATI studies conducted by ACTG 10 were plotted using Kaplan-Meier survival curves. Potential correlation between IUPM and time to rebound was analysed by two-tailed Pearson's correlations. Recombination analysis of env sequences. Multiple alignment of nucleotide sequences guided by amino acid translations of env sequences was performed by TranslatorX (http://translatorx.co.uk/). Latent and rebound sequences were analysed for the presence of recombination using the 3SEQ recombination algorithm (http://mol.ax/software/3seq/). Sequences that showed statistical evidence of recombination (rejection of the null hypothesis of clonal evolution) in which 'parent' sequences were derived from the latent reservoir and the 'child' sequence was a rebound sequence are represented in a circos plot (http://circos.ca/). Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper. Shaded rectangles indicate the lack of variation between latent reservoir and rebound viruses at the indicated position. Full-colour rectangles represent amino acid residues with changes in distribution between reservoir and rebound viruses. d, Dot plots showing the IC 80 (μg ml −1 ) of 3BNC117 (left) and 10-1074 (right) against latent and rebound viruses determined by TZM-bl neutralization assay. Q 2 VOA-derived latent viruses from week −2 are shown as black circles. For outgrowth culturederived rebound viruses, the highest IC 80 determined is shown as red circle. For 9250 and 9253, no viruses could be obtained from rebound outgrowth cultures and pseudoviruses were made from env sequences of the latent reservoir (Q 2 VOA) and rebound viruses (plasma SGA). Note that 9249 and 9253 had pre-existing resistant viruses in the reservoir (IC 50 > 2 μg ml −1 ). 9248 and 9250 had pre-existing viruses that failed to reach an IC 100 when tested up to 50 μg ml −1 for 3BNC117 (Extended Data Fig. 5 ). Rebound viruses of all four participants had an IC 80 or IC 100 of >50 μg ml −1 for both 3BN117 and 10-1074.
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Week 12 Rebound Fig. 10 | Clonal distribution of the circulating latent reservoir and IUPM changes. a, Pie charts depicting the distribution of Q 2 VOA-derived env sequences obtained at weeks −2 (W−2) and week 12 (W12). Number in the inner circle indicates the total number of analysed env sequences. White represents sequences isolated only once across both time points and coloured slices represent identical sequences that appear more than once (clones). The size of each pie slice is proportional to the size of the clone. Red arrows denote clones that significantly change in size (P ≤ 0.05 (two-sided Fisher's exact test)) between the two time points. b, Summary of clonal env sequences and IUPM in the nine individuals with an antibody-sensitive reservoir. c, IUPM versus time of viral rebound in the antibody-sensitive individuals (n = 7) who rebounded within the study observation period (30 weeks) . P values were obtained using a two-tailed Pearson correlation test comparing the two variables.
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted -Effects of antibody combination on time to viral rebound was compared to previous published data with antibody monotherapy or in the antibody treatment. R (version 3.4.2) with the package coin (version 1.2-2) was used for exact Wilcoxon tests in the presence of ties, as well as flexsurv (version 1.1) and fitdistrplus (version 1.0-9) for parametric survival regression. The weighted log-rank test was implemented in Matlab (version R2018a). Class probabilities were estimated with a lasso logistic regression model (Matlab function lassoglm) using five values for lambda and threefold cross-validation. -Analysis of HIV-1 envelope sequences was performed at two time points during viral suppression and at viral rebound. Nucleotide alignments of intact env sequences were translation-aligned using ClustalW v2.1. Maximum likelihood phylogenetic trees were then generated from these alignments with PhyML v3.1. Multiple alignment of nucleotide sequences guided by amino acid translations of env sequences was performed by TranslatorX (http://translatorx.co.uk/). Latent and rebound sequences were analyzed for the presence of recombination using the 3SEQ recombination algorithm (http://mol.ax/software/3seq/). -Levels of antibody in serum by ELISA were calculated with Softmax Pro, v5.4.5 (Molecular Devices).
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